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(57) ABSTRACT

Embodiments of methods for forming a semiconductor
device that includes a die and a substrate include pressing
together the die and the substrate such that a first gold layer
and one or more additional material layers are between the die
and the substrate, and performing a bonding operation to form
a die attach layer between the die and the substrate. The die
attach layer includes a gold interface layer that includes gold
and a plurality of first precipitates in the gold. Each of the first
precipitates includes a combination of nickel, cobalt, palla-
dium, gold, and silicon.
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1
METHODS FOR BONDING A DIE AND A
SUBSTRATE

CROSS-REFERENCE TO RELATED
APPLICATION

This application is a continuation of U.S. patent applica-
tion Ser. No. 12/683,961, filed on Jan. 7, 2010, and now issued
at U.S. Pat. No. 8,753,983 B2.

BACKGROUND

1. Field

This disclosure relates generally to semiconductor device
packaging, and more specifically, to die bonding used in
semiconductor device packaging.

2. Related Art

The functionality of semiconductor devices continues to
provide very significant utility. Because of the very small size
of the die that makes a semiconductor device, the interface
with the system of which itis a part is very important. Also the
ability to dissipate heat can be very significant. Generally, the
die is attached to something rigid that is useful in providing an
interface with a system and also may be useful in dissipating
heat. In one type of case the die is bonded to a substrate which
is useful for physical support and as a heat sink for heat
dissipation. An effective way this is done is to bond the metal
to the die through a gold/silicon (AuSi) eutectic bond. The
back of the die is coated with gold. The substrate may have a
first coating that functions as a barrier and a second coating of
gold on the first coating. A common composition for the
barrier is cobalt and nickel. The gold layers are pressed
together and heated to form a eutectic bond to provide physi-
cal attachment and for conducting heat. This may provide the
desired functions but the gold is quite expensive. Cost con-
tinues to be important so there is a need for a lower cost die
bond.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is illustrated by way of example and
is not limited by the accompanying figures, in which like
references indicate similar elements. Elements in the figures
are illustrated for simplicity and clarity and have not neces-
sarily been drawn to scale.

FIG. 1 is a cross section of a heat sink and a die prior to
being attached according to an embodiment;

FIG. 2 is a cross section of the heat sink and die of FIG. 1
after being attached;

FIG. 3 is a more detailed view, in cross section, of an
interface between the heat sink and the die; and

FIG. 4 is a cross section of the die and heat sink as part of
a packaged device.

DETAILED DESCRIPTION

A die has a gold coating, and a substrate has a gold layer
and a palladium layer. The gold layers of the die and substrate
are pressed together and heated to form a eutectic bond in
which an intermetallic precipitate comprising gold, palla-
dium, and silicon is formed in the eutectic bond region
between the die and the substrate. The eutectic bond is effec-
tive for providing the needed attachment and heat conductiv-
ity. The thickness of the gold layer on the metal layer is much
less than that previously required because of the palladium
layer. The combined thickness of the palladium layer and the
gold layer on the substrate is much less than the thickness of
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the gold layer previously required. Gold may be only required
on one of the die or substrate prior to forming the eutectic
bond. This is better understood by reference to the drawings
and the following specification.

The semiconductor substrate of the die described herein
can be any semiconductor material or combinations of mate-
rials, silicon germanium, silicon-on-insulator (SOI), silicon,
monocrystalline silicon, polysilicon, the like, and combina-
tions of the above, that contain silicon.

Shown in FIG. 1 is a die structure 10 and a substrate 12 in
preparation for a die bonding operation. Die structure 10
comprises a die 14 and a gold layer 16 attached to a backside
of die 14. At the interface of the backside of die 14 and gold
layer 16, the backside comprises silicon. Substrate 12 has a
primary portion 18, a barrier layer 20 on primary portion 18,
a palladium layer 22 on barrier layer 20, and a gold layer 24
on palladium layer 22. Primary portion 18 is sufficiently
strong to provide physical support for die 14 and be a metal
heat sink comprised of copper, CuMoCu, Cu(CuMo)Cu, alu-
minum, or silicon carbide. Other materials may be used as
well. One example is that primary portion 18 may be ceramic.
Barrier layer 20 may comprise cobalt and nickel and be about
1-10 microns in thickness. Palladium layer may be 0.03 t0 0.5
micron in thickness. Gold layer 24 may be about 0.03 to 0.4
micron in thickness. Gold layer 16 may be about 1.2 microns
in thickness which is a common thickness for a gold layer on
the backside of a die. Gold layer 24, which is beneficial but
may not be necessary, is of a much less thickness than is
commonly used for being on a substrate on to which a die will
be bonded. As shown in FIG. 1, gold layer 16 is facing gold
layer 24 in preparation for a bonding operation which may be
a eutectic bonding operation in which gold layers 16 and 24
will be pressed together and heated and in which there is some
small movement, called scrubbing, between gold layers 16
and 24.

Shown in FIG. 2 are die 14 and primary portion 18 after the
eutectic bonding operation in which gold layers 16 and 24
were brought together with pressure, scrubbing, and heat to
forma die attach layer 26. Die attach layer 26 is a combination
of gold layers, a small portion of silicon from die 14, gold
layer 16, gold layer 24, palladium layer 22, and a portion of
barrier layer 20. Die attach layer 26 provides attachment to
die 14 and to barrier layer 20. Barrier layer 20 adheres well to
primary portion 18. Die attach layer 26 also conducts heat
between die 14 and barrier layer 20.

Shown in FIG. 3 is a more detailed view of die attach layer
26. Die attach layer 26 includes a thin nickel cobalt silicide
layer 32 of less than 0.2 micron at the interface with barrier
layer 20. A material other nickel cobalt silicide may be used.
One example is nickel silicide. Nickel cobalt silicide layer 32
is likely not to be continuous and not to be of uniform thick-
ness. Die attach layer 26 includes a gold interface layer 30 that
may be about 0.1 to 10 microns thick and that comprises gold
and precipitates in the gold. The predominate precipitate is
combination of palladium (Pd), gold (Au), silicon (Si), cobalt
(Co). nickel (Ni) and may be expressed as PdAuSiCoNi.
Examples of the PdAuSiCoNi precipitates are PAAuSiCoNi
precipitate 34, PdAuSiCoNi precipitate 35, PdAuSiCoNi
precipitate 36, and PdAuSiCoNi precipitate 37. PAAuSiCoNi
precipitates 34-37 are spherical or elliptical and vary in size
but can be 0.1 micron in diameter. May more PdAuSiCoNi
would be present than shown in FIG. 3. Another precipitate is
nickel cobalt silicide which are shown in FIG. 3 as silicide
precipitates 38 and 39 and which are formed as strings that
can be 0.2 micron in length. Another likely precipitate is
silicon. This is shown in FIG. 3 as silicon precipitates 40, 41,
and 42. The silicon precipitates may not actually occur. When
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they do, they are much smaller than the PdAuSiCoNi and
silicide precipitates. The silicon precipitates and the silicide
precipitates total less than 10 percent of the volume of gold
interface layer 30. On the other hand, PdAuSiCoNi precipi-
tates form a significant percentage of the volume of gold
interface layer 30. The percentage can easily be 5 to 70
percent. It is believed that all of the gold and palladium with
some silicon become liquid at the die attach temperature and
then precipitates out as an intermetallic and gold layer.

The eutectic process is performed by joining substrate 12
and die structure at a temperature that is preferably between
390to 430 degrees Celsius but could be at other temperatures
such as between 370 degrees Celsius and 450 degrees Cel-
sius. A force of about 30 gram force is applied between die
structure 10 and substrate 12. This is applied for about one
minute. The scrubbing is performed with an amplitude of
about 10 microns at a frequency of about 100 hertz. Other
forces and scrubbing parameters may be used instead.

The prior art approach of using two gold layers of multi-
micron thickness without palladium also formed a thin sili-
cide layer like silicide layer 32 with silicide and perhaps
silicon precipitates. The precipitates of this prior art approach
were of minimal percentage of the resulting gold interface
layer, less than 30 percent by volume.

The affect of die attach layer 26 is to provide a degree of
attachment and heat conduction that is comparable to that of
the described prior art approach but with reduced cost. Palla-
dium is currently about % the cost of gold on a weight basis
but gold has about twice the density. Thus, a given thickness
of palladium will be about ¥ the cost of the same thickness of
gold. Further the thickness of the palladium layer as described
is only about 0.03 to 0.5 micron whereas the described prior
art approach uses about 1.5 to 2.5 microns of gold on the
substrate side while retaining the same gold thickness on the
die side. The surface area on the substrate that is coated with
gold is much greater than the area of the backside of the die.
This ratio of areas can easily be 30 to 1. Thus a reduction of
thickness of the gold on the substrate side saves significantly
more gold than the same reduction in thickness of gold on the
die side. In fact, gold on the back side of the die can be
increased to 2.5 microns if needed. The reason why palladium
and the consequent formation of PdAuSiCoNi precipitates
results in significantly reducing the need of gold, especially
on the substrate side, while obtaining the desired adhesion
and heat conduction is not fully understood, but it is believed
the PdAuSiCoNi precipitates provide for a stronger bond for
a given thickness of a resulting gold interface layer such as
gold interface layer 30. Also that the cobalt and nickel may
not be required in the precipitate. Their presence occurs
because of the presence of the barrier layer, but the effective-
ness of gold interface layer 30 is not believed to require cobalt
or nickel in the palladium-containing precipitates. Thus, if
barrier layer 20 can be found to not be required, then it is
believed to not be required for the gold interface layer. Thus
altering the palladium-containing precipitates of gold inter-
face layer 30 by removing the cobalt and nickel would result
in an effective gold interface layer.

An option can be to put all of the gold on the die side so that
substrate 12 will not have a gold layer but will have the
palladium layer exposed and be the surface that comes in
contact with the die in the bonding process. This may simplify
the process a little by not requiring the step of plating gold on
the substrate. Also any reduction in gold on the substrate side
potentially saves more gold because of the comparatively
large area of the substrate. It’s also possible to put all of the
gold on the substrate side, but this is putting gold on the side
with the larger area so that the cost savings is reduced.
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Shown in FIG. 4 is a packaged device 44 comprising die 14,
a die 46 and a die 48 attached to primary portion 18 of
substrate 12 through die attach layers 26, 66, and 68, respec-
tively. Packaged device 44 further comprises leads 62 and 64,
a cap 60, and wire bonds 50, 52, 54, and 56. Leads 62 and 64
extend laterally and have underlying insulating layers 63 and
65 respectively, for the case where primary portion 18 is
conductive. A cap 60 covers die 14, 46, and 48 and is on leads
62 and 64 so that each ofleads 62 and 64 have an inner portion
available for wire bonding and an outer portion for connect-
ing to a system. Wire bond 50 is connected between the inner
portion of lead 62 and die 46. Wire bond 52 is connected
between die 46 and die 48. Wire bond 54 is connected
between die 48 and die 14. Wire bond 56 is connected
between die 14 and the inner portion of lead 64. Other die
could also be present. Additional wire bonds among the die
and between the die and other leads are also present. Die
attach layers 26, 66, and 68 can be formed at the same time.
Thus multiple die can be formed on the same substrate and in
the same package using the described technique of forming
die attach layers such as die attach layer 26. Passive elements
made with ceramic, silicon, and gallium arsenide can also be
included with a gold/tin or epoxy attach. This also shows the
much greater area of a substrate compared to the backside of
the die. For a gold plating process, it is also likely that all sides
of'the substrate will be coated with gold. Thus any savings in
thickness can be very significant.

By now it should be appreciated that there has been a
method for forming a semiconductor device. The method
includes providing a silicon-containing die having a first sur-
face. The method further includes providing a heat sink hav-
ing a palladium layer over a first surface of the heat sink,
wherein a first gold layer is located over one of a group
consisting of the palladium layer and the first surface of the
silicon-containing die. The method further includes bonding
the silicon-containing die to the heat sink. The bonding
includes joining the silicon-containing die and the heat sink
such that the first gold layer and the palladium layer are
between the first surface of the silicon-containing die and the
first surface of the heat sink. The bonding further includes
heating the first gold layer and the palladium layer to form a
die attach layer between the first surface of the silicon-con-
taining die and the first surface of the heat sink, the die attach
layer comprising a gold interface layer having a plurality of
intermetallic precipitates, each of the plurality of intermetal-
lic precipitates comprising palladium, gold, and silicon. The
method may have a further characterization by which the step
of providing the silicon-containing die is further character-
ized in that the first gold layer is located over the first surface
of'the silicon-containing die. The method may have a further
characterization by which wherein the step of providing the
heat sink is further characterized in that the heat sink has a
second gold layer over the palladium layer, and wherein the
step of joining is further characterized in that the first gold
layer, the second gold layer, and the palladium layer are
between the first surface of the silicon-containing die and the
first surface of the heat sink, and wherein the step of heating
is further characterized in that the silicon from the silicon-
containing die, the first gold layer, the second gold layer, and
the palladium layer are heated to form the die attach layer. The
method may have a further characterization by which the step
of providing the heat sink is further characterized in that the
heat sink has a barrier layer over the first surface of the heat
sink, the palladium layer being over the barrier layer, wherein
the step of joining is further characterized in that the first gold
layer, the second gold layer, the palladium layer, and the
barrier layer are between the first surface of the silicon-con-
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taining die and the first surface of the heat sink, and wherein
the step of heating is further characterized in that silicon from
the silicon-containing die, the first gold layer, the second gold
layer, the palladium layer, and the barrier layer are heated to
form the die attach layer. The method may have a further
characterization by which the step of providing the heat sink
is further characterized in that the heat sink has a barrier layer
over the first surface of the heat sink, wherein the palladium
layer is over the barrier layer. The method may have a further
characterization by which the step of providing the heat sink
is further characterized in that the barrier layer comprises
nickel, and wherein the step of heating is further character-
ized in that the first gold layer, the palladium layer, and the
barrier layer are heated to form the die attach layer, wherein a
portion of the barrier layer forms a nickel-containing silicide
layer, wherein the die attach layer comprises the nickel-con-
taining silicide layer, and the nickel-containing silicide layer
is between the gold interface layer and the barrier layer. The
method may have a further characterization by which the step
of'bonding is further characterized in that each of the plurality
of intermetallic precipitates further comprises nickel. The
method may have a further characterization by which the step
of'bonding is further characterized in that the die attach layer
has a thickness in a range of 0.1 to 10 microns. The method
may have a further characterization by which the step of
bonding is further characterized in that, after the step of
joining, the first gold layer is in contact with a silicon portion
of the silicon-containing die.

Also described is a method for forming a semiconductor
device. The method includes providing a silicon-containing
die having a first gold layer over a first surface of the silicon-
containing die. The method further includes providing a heat
sink having a palladium layer over a first surface of the heat
sink, and a second gold layer over the palladium layer. The
method further includes bonding the silicon-containing die to
the heat sink, wherein the bonding comprises bringing the
first gold layer into contact with the second gold layer and
heating the first gold layer, the second gold layer, and the
palladium layer to form a die attach layer between the first
surface of the silicon-containing die and the first surface of
the heat sink, the die attach layer comprising a gold interface
layer having a plurality of intermetallic precipitates, each of
the plurality of intermetallic precipitates comprising palla-
dium, gold, and silicon. The method may have a further
characterization by which the step of providing the heat sink
is further characterized in that the heat sink has a barrier layer
over the first surface of the heat sink, wherein the palladium
layer is over the barrier layer. The method may have a further
characterization by which step of providing the heat sink is
further characterized in that the barrier layer comprises
nickel, and wherein the step of heating is further character-
ized in that the first gold layer, the palladium layer, and the
barrier layer are heated to form the die attach layer, wherein a
portion of the barrier layer forms a nickel-containing silicide
layer, wherein the die attach layer comprises the nickel-con-
taining silicide layer, and the nickel-containing silicide layer
is between the gold interface layer and the barrier layer. The
method may have a further characterization by which the step
of'bonding is further characterized in that each of the plurality
of intermetallic precipitates further comprises nickel. The
method may have a further characterization by which the step
of providing the heat sink is further characterized in that the
barrier layer comprises nickel cobalt, and wherein the step of
bonding is further characterized in that each of the plurality of
intermetallic precipitates further comprises nickel and cobalt.
The method may have a further characterization by which the
step of bonding is further characterized in that the die attach
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layer has a thickness in a range of 0.1 to 10 microns. The
method may have a further characterization by which the step
of providing the silicon-containing die is further character-
ized in that the first gold layer has a thickness in a range of 1.2
to 2.0 microns. The method may have a further characteriza-
tion by which the step of providing the heat sink is further
characterized in that the second gold layer has a thickness in
a range of 0.03 to 0.4 micron, and the palladium layer has a
thickness in a range of 0.03 to 0.5 micron. The method may
further comprise packaging the silicon-containing die to form
a packaged semiconductor device, wherein the packaging
comprises forming an electrical connection between a second
surface of the silicon-containing die, opposite the first surface
of the silicon-containing die, and an external lead of the
packaged semiconductor device.

Described also is a semiconductor device. The semicon-
ductor device includes a heat sink. The semiconductor device
further includes a silicon-containing die attached to the heat
sink with a die attach layer, wherein the die attach layer
comprises a gold interface layer having a plurality of inter-
metallic precipitates, each of the plurality of intermetallic
precipitates comprising palladium, gold, and silicon. The
semiconductor device may further include a nickel-contain-
ing barrier layer between the die attach layer and the heat sink,
and wherein the die attach layer comprises a nickel-contain-
ing silicide layer between the gold interface layer and the
nickel-containing barrier layer, and wherein each of the plu-
rality of intermetallic precipitates comprises palladium, gold,
silicon, and nickel.

Moreover, the terms “front,” “back,” “top,” “bottom,”
“over,” “under” and the like in the description and in the
claims, if any, are used for descriptive purposes and not nec-
essarily for describing permanent relative positions. It is
understood that the terms so used are interchangeable under
appropriate circumstances such that the embodiments of the
invention described herein are, for example, capable of opera-
tion in other orientations than those illustrated or otherwise
described herein.

Although the invention is described herein with reference
to specific embodiments, various modifications and changes
can be made without departing from the scope of the present
invention as set forth in the claims below. For example, other
packing approaches may be used such as an encapsulation
technique that does not have a cavity. The barrier layer may be
of another material and may not even be necessary. Accord-
ingly, the specification and figures are to be regarded in an
illustrative rather than a restrictive sense, and all such modi-
fications are intended to be included within the scope of the
present invention. Any benefits, advantages, or solutions to
problems that are described herein with regard to specific
embodiments are not intended to be construed as a critical,
required, or essential feature or element of any or all the
claims.

Furthermore, the terms “a” or “an,” as used herein, are
defined as one or more than one. Also, the use of introductory
phrases such as “at least one” and “one or more” in the claims
should not be construed to imply that the introduction of
another claim element by the indefinite articles “a” or “an”
limits any particular claim containing such introduced claim
element to inventions containing only one such element, even
when the same claim includes the introductory phrases “one
ormore” or “at least one” and indefinite articles such as “a” or
“an.” The same holds true for the use of definite articles.

Unless stated otherwise, terms such as “first” and “second”
are used to arbitrarily distinguish between the elements such
terms describe. Thus, these terms are not necessarily intended
to indicate temporal or other prioritization of such elements.
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What is claimed is:

1. A method for forming a semiconductor device that
includes a die and a substrate, the method comprising:

forming abarrier layer over a first surface of a portion of the

substrate;

forming a palladium layer over the barrier layer;

forming a first gold layer over a first surface of the die; and

bonding the die and the substrate by

pressing together the die and the substrate such that the
first gold layer and the palladium layer are between
the die and the substrate, and

heating the first gold layer and the palladium layer to
form a die attach layer between the die and the sub-
strate, the die attach layer comprising a gold interface
layer that includes gold and a plurality of first precipi-
tates in the gold, wherein each of the first precipitates
comprises a combination of nickel, cobalt, palladium,
gold, and silicon.

2. The method of forming a semiconductor device accord-
ing to claim 1, wherein the barrier layer comprises cobalt and
nickel.

3. The method of forming a semiconductor device accord-
ing to claim 1, wherein forming the barrier layer comprises
forming the barrier layer to have a thickness in a range of 1
micron to 10 microns.

4. The method of forming a semiconductor device accord-
ing to claim 1, wherein forming the palladium layer com-
prises forming the palladium layer to have a thickness in a
range of 0.03 micron to 0.5 micron.

5. The method for forming a semiconductor device accord-
ing to claim 1, wherein forming the first gold layer comprises
forming the first gold layer to have a thickness in a range of
1.2 microns to 2.0 microns.

6. The method for forming a semiconductor device accord-
ing to claim 1, wherein forming the first gold layer comprises
forming the first gold layer to have a thickness of up to 2.5
microns.

7. The method of forming a semiconductor device accord-
ing to claim 1, further comprising:

forming a second gold layer over the palladium layer prior

to bonding the die and the substrate.

8. The method for forming a semiconductor device accord-
ing to claim 7, wherein forming the second gold layer com-
prises forming the second gold layer to have a thickness in a
range of at least 0.03 microns.

9. The method for forming a semiconductor device accord-
ing to claim 1, wherein heating the first gold layer and the
palladium layer comprises heating the substrate and the die to
a temperature of 430 degrees Celsius or less.

10. The method for forming a semiconductor device
according to claim 1, wherein pressing together the die and
the substrate comprises applying a force between the die and
the substrate.
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11. The method for forming a semiconductor device
according to claim 1, wherein bonding the die and the sub-
strate further comprises scrubbing together the die and the
substrate.

12. The method for forming a semiconductor device
according to claim 1, wherein the step of bonding is further
characterized in that the die attach layer has a thickness in a
range of 0.1 microns to 10 microns.

13. The method for forming a semiconductor device
according to claim 1, wherein the step of bonding is further
characterized in that, after the step of bonding, the first gold
layer is in contact with a silicon portion of the die.

14. The method for forming a semiconductor device
according to claim 1, further comprising:

coupling a plurality of leads to the substrate; and

forming electrical connections between the die and the

plurality of leads.

15. The method for forming a semiconductor device
according to claim 14, further comprising:

coupling insulating layers between the primary portion of

the substrate and the leads.

16. A method for forming a semiconductor device that
includes a die and a substrate, the method comprising:

pressing together the die and the substrate such that a first

gold layer and one or more additional material layers are
between the die and the substrate; and

performing a bonding operation to form a die attach layer

between the die and the substrate, the die attach layer
comprising a gold interface layer that includes gold and
a plurality of first precipitates in the gold, wherein each
of the first precipitates comprises a combination of
nickel, cobalt, palladium, gold, and silicon.

17. The method for forming a semiconductor device
according to claim 16, further comprising the steps, per-
formed before pressing together the die and the substrate, of:

forming a barrier layer comprising cobalt and nickel over a

first surface of a portion of the substrate;

forming a palladium layer over the barrier layer; and

forming the first gold layer over a first surface of the die.

18. The method for forming a semiconductor device
according to claim 17, wherein forming the first gold layer
comprises forming the first gold layer to have a thickness up
to 2.5 microns.

19. The method of forming a semiconductor device accord-
ing to claim 17, further comprising:

forming a second gold layer over the palladium layer prior

to pressing together the die and the substrate.

20. The method for forming a semiconductor device
according to claim 19, wherein forming the second gold layer
comprises forming the second gold layer to have a thickness
of at least 0.03 microns.
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